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 Abstract 
 1-Alkanol + alkanone systems have been investigated through the data analysis of   
molar excess functions, enthalpies, isobaric heat capacities, volumes and entropies, and using 
the Flory model and the formalism of the concentration-concentration structure factor ( CC (0)S ). 
The enthalpy of the hydroxyl-carbonyl interactions has been evaluated. These interactions are 
stronger in mixtures with shorter alcohols (methanol-1-butanol) and 2-propanone, or 2-
butanone. However, effects related to the self-association of alcohols and to solvation between 
unlike molecules are of minor importance when are compared with those which arise from 
dipolar interactions. Physical interactions are more relevant in mixtures with longer 1-alkanols.  
The studied systems are characterized by large structural effects. The variation of the molar 
excess enthalpy with the alcohol size along systems with a given ketone, or with the alkanone 
size in solutions with a given alcohol are discussed in terms of the different contributions to this 
excess function. Mixtures with methanol show rather large orientational effects.  The random 
mixing hypothesis is attained in large extent for mixtures with 1-alkanols≠ methanol and 2-
alkanones. Steric effects and cyclization lead to stronger orientational effects in mixtures with 3-
pentanone, 4-heptanone or cyclohexanone. The increase of temperature weakens orientational 
effects. Results from CC (0)S  calculations show that homocoordination is predominant and 
support conclusions obtained from the Flory model, 
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1. Introduction 
It is well known that ketones are proton acceptors due to their characteristic carbonyl 
group, and that 1-alkanols are self-associated compounds via hydrogen bonds. In mixtures with 
alcohols or amines, ketones can form hydrogen bonds with these compounds.1-6 The research of 
the mentioned interactions is important for a better understanding of the hydrogen-bond 
properties of complex molecules with carbonyl groups such as acids, or proteins,  which, on the 
other hand, are of evident biological interest. 
Different theories have been applied to the study of 1-alkanol + n-alkanone mixtures. 
Systems containing methanol, ethanol or 1-propanol and 2-propanone, or 2-butanone have been 
investigated in terms of an association model which assumes the existence of linear and cyclic 
species for alcohols, and only open chains for alcohol-alkanone heterocomplexes.1-4 In this theory, 
the physical contribution to the molar excess enthalpy, EmH . is derived from the NRTL equation by 
application of the Gibbs-Duhem equation.1-4 The model describes accurately EmH  of the mentioned 
binary systems. EmH values of related ternary solutions, including benzene as third compound, are 
also correctly predicted by the model neglecting ternary interactions.1-4 In the UNIQUAC 
association solution model, the physical contribution to EmH  is obtained from the UNIQUAC 
equation,7-10 and only    linear polymers for the self-association of 1-alcohols and for the alcohol-
ketone solvation are considered.7-10 The model provides good EmH results for mixtures involving 
shorter 1-alkanols and 2-propanone.7-10 A theory based on hydrogen-bond configuration extended 
to mixtures including molecules with proton acceptors has been used to describe solid-liquid 
equilibria and EmH  of 1-alkanol + 2-propanone or + 2-butanone mixtures.
11 Hydrogen bond 
between methanol and 2-propanone has been characterized by means of a distributed multipole 
analysis combined with intermolecular perturbation theory calculations.12 The group contribution 
Nitta-Chao model13 has been very shortly applied to 1-alkanol + 2-alkanone mixtures. Differences 
between experimental and calculated EmH  values are 15% or lower, but the model largely fails 
when representing EmV .
14  The purely physical model DISQUAC15 has been successfully applied to 
1-alkanol (from methanol to 1-decanol) + n-alkanone (from 2-propanone to 2-heptanone) 
systems.16 Assuming interaction parameters which are dependent of the molecular structure of the 
mixture components, DISQUAC provides theoretical values for vapor-liquid equilibria, VLE, and 
E
mH  in very good agreement with the experimental measurements.
16 The average deviations 
between  experimental results and theoretical calculations are 2% and 6% for VLE and EmH , 
respectively.  DISQUAC predictions on these thermodynamic properties of related ternary mixtures 
compare also well with the experimental values.17 
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In previous works, we have shown that the Flory model18 is a useful tool to investigate 
orientational effects in liquid mixtures. Systems such as 1-alkanol + linear or cyclic monoether,19 or 
+ linear polyether,20 or 1-butanol + alkoxyethanol,21 or ether + alkane22,  + benzene, or + toluene23, 
or + CCl4
24 have been investigated using this approach. As continuation, here we study 
orientational effects in 1-alkanol + ketone mixtures by means of the same methodology. As far as 
we know, only 1-alkanol + 2-heptanone mixtures25 have been treated using the Prigogine-Flory-
Patterson  model.26  
On the other hand, it is interesting to link thermodynamic properties of liquid mixtures 
with local deviations from the bulk composition. There are at least two ways of looking at the 
fluctuations in a binary mixture.27-29 Thus, it is possible to consider fluctuations in the number of 
molecules of each component and the cross fluctuations. This is the so-called Kirkwood-Buff 
integrals formalism.30,31 A different alternative, developed by Bhatia and Thorton32 and used in 
the investigation of liquid binary alloys33,34 on the basis of the Bhatia-Thorton partial structure 
factors, is concerned with the study of fluctuations in the number of molecules regardless of the 
components, the fluctuations in the mole fraction and the cross fluctuations. This approach was 
generalized to link the asymptotic behaviour of the ordering potential to the interchange energy 
parameters in the semi-phenomenological theories of thermodynamic properties of liquid 
solutions.35-38 We have applied this formalism to mixtures involving pyridines39 or to 1-alkanol 
+ cyclic ether systems,40 and now is extended to 1-alkanol + 2-alkanone systems. 
 
2. Theories 
2.1.1 Flory model 
The main hypotheses of the theory18,41-44 are briefly summarized. (i) Molecules are 
divided into segments (arbitrarily chosen isomeric portions of a molecule). (ii) The mean 
intermolecular energy per contact is proportional to / svη− (η  is a positive constant which 
characterizes the energy of interaction for a pair of neighbouring sites; sv  is the segment 
volume). (iii) The configurational partition function is stated taking the number of external 
degrees of freedom of the segments lower than 3. This is necessary to take into account 
restrictions on the precise location of a given segment by its neighbours in the same chain. (iv) 
Random mixing is assumed.  The probability of having species of kind i neighbours to any 
given site is equal to the site fraction ( iθ ). In the case of very large total number of contact 
sites, the probability of formation of an interaction between contacts sites belonging to different 
liquids is 1 2θ θ . Under these hypotheses, the Flory equation of state is given by:  
 
1/3
1/ 3
1
1
PV V
T V VT
= −
−
       (1) 
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 where */V V V= ; */P P P= and */T T T=  are the reduced volume, pressure and 
temperature, respectively. Equation (1) is valid for pure liquids and liquid mixtures. For pure 
liquids, the reduction parameters, *iV , 
*
iP  and 
*
iT   are obtained from densities, iρ , isobaric 
expansion coefficients, Piα , and isothermal compressibilities, Tiκ , data. The corresponding 
expressions for reduction parameters for mixtures are given elsewhere.22 EmH  is determined 
from  
 
 
*
E * * * *1 1 2 12
m 1 1 1 2 2 2
1 2
1 1 1 1
( ) ( )
xV X
H xV P x V P
V V V V V
θ
= + − + −   (2) 
 
All the symbols have their usual meaning.22  In this expression, the term which depends directly 
on X12 is usually named the interaction contribution to
E
mH . The remaining terms are the so-
called equation of state contribution to EmH . The reduced volume of the mixture,V , in equation 
(2) is obtained from the equation of state. Therefore, the molar excess volume can be also 
calculated: 
 
E * *
m 1 1 2 2 1 1 2 2( )( )V xV x V V V Vϕ ϕ= + − −      (3) 
 
2.1.2 Estimation of the Flory interaction parameter 
   12X  is determined from a 
E
mH   measurement at given composition from:
19,21,22  
* * * *1 2
1 1 1 2 2 2
12 *
1 1 2
(1 ) (1 )
T T
x P V x P V
T TX
xV θ
− + −
=     (4) 
 
For the application of this expression, we note that VT is a function of EmH : 
 
* * * *
E * * * *1 1 1 2 2 2
m 1 1 1 1 2 2 2 2
1 2
1
( )
x P V x P V
H x P V T x P V T
V V VT
= + + +    (5) 
 
and that from the equation of state, (V V T= ). More details have been given elsewhere.19,21,22 
Equation (5) is a generalization of that previously given to calculate 12X  from 
E
mH   at 1x = 
0.5.45 Properties of alkanones (i = 2) at 298.15 K, molar volumes, iV , Piα , Tiκ , and the 
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corresponding reduction parameters, *
iP and 
*
iV , needed for calculations are listed in Table 1. 
For 1-alkanols (i = 1), values have been taken from the literature.19,20 At T ≠ 298.15 K, the 
mentioned properties were estimated using the same equations as in previous applications for 
the temperature dependence of ρ , αp  and γ (=  αp/ Tκ )
19,46 12X  values determined from 
experimental EmH  data  at 1x = 0.5  are collected in Table 2 
2.2 The concentration-concentration structure factor  
Mixture structure can be studied using the CC (0)S  function
28,29,35,36,47 
 
1 2
CC 2 M 2
1 ,
(0)
( / )P T
x xRT
S
G x D
= =
∂ ∂
     (6)  
with  
 
 2 M 21 2 1 ,( / )P T
x x
D G x
RT
= ∂ ∂ =
2 E
1 2 m
2
1 ,
1
P T
x x G
RT x
 ∂
+  ∂ 
   (7) 
 
 In these equations, M Em,G G  stand for the molar Gibbs energy of mixing and the molar excess 
Gibbs energy, respectively. D is a function closely related to thermodynamic stability.48-50 For 
ideal mixtures, E,idmG  = 0 (excess Gibbs energy of the ideal mixture); D
id = 1 and CC (0)S  = x1x2. 
As stability conditions require, CC (0)S  > 0. Thus, for a system close to phase separation, 
CC (0)S  must be large and positive (∞ , when the mixture presents a miscibility gap). If 
compound formation between components appears, CC (0)S  must be very low (0, in the limit). 
Therefore, SCC(0) > x1x2 (D < 1) indicates that the dominant trend in the system is the 
homocoordination (separation of the components), and the mixture is less stable than the ideal. 
If 0 < SCC(0) < x1x2 = SCC(0)
id,  (D > 1), the fluctuations in the system have been removed, and 
the dominant trend in the solution is heterocoordination (compound formation). In such case, 
the system is more stable than ideal. In summary, SCC(0) is an useful magnitude to evaluate the 
non-randomness in the mixture.29,47  
 
 3. Results 
 Results on EmH   obtained from the Flory model using 12X values at 1x = 0.5 are listed in 
Tables 2, which also contains the interactional contribution to EmH  at equimolar composition. 
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Experimental and theoretical values for EmH  are compared graphically in Figures. 1-5. For 
clarity, Table 2 also includes the relative standard deviations for EmH   defined as  
 
1/22E E
m,exp m,calcE
m E
m,exp
1
( )r
H H
H
N H
σ
  −
 =      
∑     (8) 
 
where N (=19)  is the number of data points, and Em,expH  stands for the  smoothed  
E
mH   values 
calculated at 1x∆ = 0.05 in the composition range [0.05, 0.95] from polynomial expansions, 
previously checked, given in the original works.  The concentration dependence of 12X , 
according to equation (4) is shown in Figure 6 for some selected systems.  Table 3 lists the 
results obtained for the CC (0)S function (see also Figure 7). D values were calculated from 
E
mG  
functions represented by means of equations of the Redlich-Kister type with parameters 
determined from isothermal vapour-liquid equilibria available in the literature. 
 
4. Discussion 
 4.1 Enthalpies of the hydroxyl-carbonyl interactions 
It is well known that if  structural effects are neglected,48,51 EmH  is the result of three 
contributions: two of them are positive, OH-OH CO-CO,H H∆ ∆ , and are related to the breaking of 
alkanol-alkanol and ketone-ketone interactions upon mixing, respectively; OH-COH∆ is a 
negative contribution due to the new OH---CO interactions created during the mixing process. 
That is:52-55  
 
E
m OH-OH CO-CO OH-COH H H H= ∆ + ∆ + ∆      (9) 
 
The OH-COH∆ term represents the enthalpy of the H-bonds between 1-alkanols and alkanones,  and 
may be evaluated by extending the equation (9) to 1 0x → .
55-57 In such case, OH-OHH∆  and  
CO-COH∆  can be replaced by 
E,
m1H
∞  (partial excess molar enthalpy at infinite dilution of the first 
component) of 1-alkanol or alkanone + heptane systems. Thus,  
 
 E,OH-O m1 (1 alkanol + alkanone)H H
∞∆ = −  
E, E,
m1 m1(1 alkanol + heptane) (alkanone + heptane)H H
∞ ∞− − −   (10) 
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This is a rough estimation of OH-COH∆  due to: i) 
E,
m1H
∞ data used were calculated from EmH  
measurements over the entire mole fraction range. Nevertheless, it should be remarked that the 
value E,m1H
∞ (ethanol + 2-propanone)1 = 5.54 kJmol-1 used here is in reasonable agreement with 
that available in the literature58  obtained from calorimetric measurements at high dilution (5.12 
kJmol-1).  ii) For 1-alkanol + n-alkane systems, it was assumed that E,m1H
∞  is independent of the 
alcohol, a common approach when applying association theories.59-62 We have used in this 
work, as in previous applications,20,55  E,m1H
∞  = 23.2 kJmol-1.63-65 Values of OH-COH∆  are 
collected in Table 4.  From inspection of  the results for CH3(CH2)n-1OH + CH3CO(CH2)m-1CH3 
mixtures, we note: (i) interactions between unlike molecules are stronger in solutions with 
shorter 1-alkanols (n = 1-4) and 2-propanone or 2-butanone (m =1,2). (ii) For a given n value, 
OH-COH∆  smoothly increases with m. From 2n > , this magnitude remains practically constant 
for 3m ≥ . (iii) The variation of OH-COH∆ with n for a given m value is similar to that described 
above. In practice, OH-COH∆ may be assumed constant for 2; 3n m> ≥ . The average value is 
22.2− kJmol-1. In the case of cyclohexanone mixtures, alkanol-ketone interactions are also 
stronger in the methanol solution, and OH-COH∆ is constant from ethanol. When comparing 
OH-COH∆ values for systems with 2-hexanone or cyclohexanone, or 2-pentanone or 3-pentanone, 
or including 2-heptanone or 4-heptanone, OH-COH∆ is slightly higher for 2-alkanone solutions. 
That is, steric effects related to the position of the CO group in the alkanone (2-pentanone/3-
pentanone; 2-heptanone/4-heptanone) or with the ketone shape (2-hexanone/cyclohexanone) do 
not change largely the OH-COH∆  values. 
 A variety of OH-COH∆ values can be found in the literature, depending of the method 
applied for their estimation. Intermolecular perturbation theory calculations give12 −24.7 
kJmol-1  for the methanol + 2-propanone mixture. In the UNIQUAC association solution model 
the value −21.0 kJmol-1 is used for the mixtures methanol, ethanol, or 1-propanol + 2-
propanone,8,9 while the corresponding system with 1-butanol10 is characterized by −14.0 
kJmol-1. Methods based in infrared spectroscopy provide −15.9 and −15.1 kJmol-1 for 
methanol + 2-propanone, or + 2-butanone, respectively.66 
 It is interesting the comparison of the enthalpy of the 1-alkanol-oxaalkane interactions, 
OH-OH∆ , determined previously following the same approach,
20,55  with the OH-COH∆  values 
obtained in the present work. In the case of mixtures with linear polyethers,20 
OH-OH∆ (methanol) /kJmol
-1 = −26.5 (2,5-dioxahexane); −28.6 (2,5,8-trioxanonane); −34.2 
(2,5,8,1,1,14-pentaoxapentadecane), and OH-OH∆ (1-heptanol)/kJmol
-1 = −22.2 (2,5,-
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dioxahexane); −24.6 (2,5,8-trioxanonane). Interactions between unlike molecules in solutions 
including 2,5-dioxahexane are quite similar to those in the corresponding mixtures with a 
ketone of similar  size (2-heptanone, e.g). Interactions between unlike molecules are stronger in 
solutions with 2,5,8-trioxanone, or the pentaether. In the case of mixtures with linear 
monoethers,55 OH-OH∆ (methanol)/ kJmol
-1  = −21.1 (diethyl ether); −19.1 (dipropylether), or 
−17.3 kJmol-1  for the 1-hexanol + dipropyl ether systems. Interactions between unlike 
molecules are weaker in this class of solutions. 
 Below, we are referring to thermodynamic properties at equimolar composition and 
298.15 K. 
 4.2  Excess molar enthalpies and excess molar entropies. 
 EmH values of  1-alkanol + alkanone mixtures are positive (Table 2). Consequently, the 
dominant contributions to this excess function come from the breaking of the interactions 
between like molecules, i.e., the OH-OH CO-CO,H H∆ ∆  terms in equation 9 are higher than 
OH-COH∆ . Except for methanol systems, 
E
mH (1-alkanol + alkanone) > 
E
mH (1-alkanol + 
isomeric alkane). Thus, EmH (1-propanol)/Jmol
-1 = 1251 (2-heptanone)25 > 673 (octane),67 597 
(heptane).68 This indicates that alkanones are good breakers of the alcohol self-association. On 
the other hand, in solutions with a given 2-alkanone, EmH  increases with the chain length of the 
1-alcohol, and the EmH  curves are rather symmetrical, except for mixtures containing methanol 
(Figures 1-5). These features reveal that interactions are mainly of dipolar type and that self-
association of 1-alkanols and solvation effects are of minor importance. 1-Alkanol + heptane 
mixtures, where self-association of alcohols plays the dominant role, behave somewhat 
differently: EmH  increases from ethanol to 1-propanol or 1-butanol and then smoothly decreases, 
the EmH  curves are skewed to low mole fractions of the alcohol,
55 and the 
corresponding EmH values are rather low (see above). These systems also show large positive 
excess heat capacities at constant pressure, Ep,mC  (11.7 Jmol
-1
K-1 for ethanol + heptane69) while 
E
p,mC (ethanol)/Jmol
-1
K-1, estimated from 
E
mH
T
∆
∆
, is 5 for the solution with 2-propanone70 and 
5.9 or 5 for that with  2-butanone.71,72  The importance of dipolar interactions in the investigated 
mixtures is confirmed by their E E Em m m( )TS H G= −  values (Table 3), which are much higher than 
those for 1-alkanol + alkane systems.55 For example, for the ethanol + hexane mixture, EmH = 
548;73 EmG = 1374
62 and EmTS = −826 (values in Jmol
-1). 
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4.2.1  The effect of increasing the chain length or the 2-alkanone in mixtures with a 
given 1-alcohol 
 The EmH  variation depends on the alcohol considered. 
E
mH of systems with 1-alkanols 
longer than 1-butanol decreases with the increasing of the ketone size (Table 2). 2-Alkanone + 
alkane mixtures behave similarly. Thus, EmH (heptane)/Jmol
-1  = 1676 (2-propanone)74 > 1339 
(2-butanone)75  > 1135 (2-pentanone)75 > 1055 (2-hexanone)76 > 886 (2-heptanone).77 Such 
variation has been mainly ascribed to the decreasing polarity of longer 2-alkanones,78 and means 
a lower CO-COH∆  contribution to 
E
mH  in equation (9). This effect predominates over those 
which lead to increased EmH  values: (i) the smooth increasing of OH-COH∆  (see above). (ii) The 
larger OH-OHH∆ term due to a higher number of OH-OH interactions broken by ketones with 
larger aliphatic surfaces. Note that EmH  of 1-alkanol + n-alkane mixtures increases with the 
alkane size.79   (iii) Stronger steric hindrances, which make more difficult the formation of 
interactions between unlike molecules when longer 2-alkanones are involved. Dielectric 
relaxation studies confirm this behaviour in methanol solutions.80 On the other hand, solvation 
effects are more important in methanol mixtures (see below) and EmH  smoothly increases with 
the ketone size (Table 2), indicating that the different contributions to EmH  are nearly 
counterbalanced. EmH of 1-propanol mixtures decreases when replacing 2-propanone by 2-
butanone, and then remains constant (Table 2)  
 E
mTS values decrease with the increasing of the alkanone size (Table 3), probably due to 
the lower number of ketone-ketone interactions broken upon mixing. In the case of methanol 
solutions with longer 2-alkanones, the difference in size between the mixture components, 
which contributes negatively to EmTS , must be also taken into account. 
4.2.2  The effect of increasing the chain length of the 1-alkanol in systems with a given 
ketone 
 At such condition, EmH increases (Table 2). This is partially due to the smooth 
increasing of OH-COH∆ (Table 4). We note that
E
mH  values are much lower for methanol 
mixtures and that the EmH  variation is steeper when replacing this alcohol by ethanol than when 
ethanol is substituted by 1-propanol. On the other hand, it should be also kept in mind that 
methanol + alkane mixtures show miscibility gaps at 298.15 K and equimolar composition.81 
This remarks that effects related to interactions between unlike molecules are much relevant in 
methanol systems. Such effects are also relatively important in ethanol + 2-butanone, or + 2-
pentanone, as the following EmH /Jmol
-1 values suggest: 496 (ethanol + pentane)82 < 1071 
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(ethanol + 2–butanone)72;  866 (ethanol + 2-pentanone)83 < 1160 (2-butanone + pentane)75; 966 
(2-pentanone + pentane).75  The same trend is observed in 1-alkanol + 2-propanone mixtures 
(Table 2), as their EmH  values, up to 1-hexanol, are lower than those of 2-propanone + alkane 
systems. Some data follow for comparison, EmH (2-propanone)/Jmol
-1 = 1285 (butane, T = 
263.15 K);84 1458 (pentane, T = 293.15 K);84 1676 (heptane);74 1967 (decane).85 This variation 
reveals that the number of ketone-ketone interactions disrupted upon mixing increases with the 
aliphatic surface of the 1-alcohol, giving a larger CO-COH∆  term in equation (9).  For the 
remainder systems, EmH values are higher than those of the 1-alkanol or 2-alkanone + alkane 
mixtures. For example, EmH /Jmol
-1 = 673 (1-propanol + octane);67 886 (2-heptanone + 
heptane);77 1251 (1-propanol + 2-heptanone);25 534 (1-heptanol + octane);86 1427 (1-heptanol + 
2-heptanone).25 Alcohol-alcohol interactions are more easily broken by alkanones in the case of 
long chain 1-alkanols, which means a larger OH-OHH∆ contribution. The increase of the
E
mTS with 
the alcohol size (Table 3) is consistent with this picture. Interestingly, Ep,mC (2-butanone)
71/ 
Jmol-1K-1  = 4.9 (ethanol); 5.9 (1-butanol); 3 (1-hexanol); −0.15 (1-octanol); −1.45 (1-
decanol). This clearly indicates that association/solvation effects become weaker with the 
increasing of the alcohol size, and that physical interactions are predominant in systems with 
long 1-alkanols. Note that Ep,mC  of the benzene + heptane mixture,
87 characterized by dispersive 
interactions, is −3.34 Jmol-1K-1 . 
 4.2.3 Steric effects 
 Differences between EmH  values of 1-alkanol + 2-pentanone, or + 3-pentanone mixtures 
may be explained in similar terms. For methanol, or ethanol + 2-pentanone solutions, EmH  is 
lower than for the systems with 3-pentanone, probably due to a higher OH-COH∆ contribution in 
the former mixtures, and to CO group is more sterically hindered in 3-pentanone.  The opposite 
trend is observed in solutions with longer 1-alkanols. This may be ascribed to a decreasing of 
the CO-COH∆ term is slightly now predominant in the case of 3-pentanone systems 
( EmH (heptane)/Jmol
-1  = 1135 (2-pentanone) > 1078 (3-pentanone).75 Note that the difference 
between these values is similar to those encountered for the corresponding systems with 1-
hexanol (88 Jmol-1) or 1-heptanol (93 Jmol-1) (see Table 2). 
On the other hand, for methanol or ethanol solutions, EmH (cyclohexanone) > 
E
mH (2-
hexanone) as OH-COH∆ is more negative for the systems with the linear ketone (Table 4) and 
OH-OHH∆  is expected to be higher in cyclohexanone solutions due to cyclic molecules break 
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more easily the alcohol self-association ( EmH (1-pentanol)/Jmol
-1 = 598 (cyclohexane)88 > 494 
(hexane)88).  Cyclization seems to have no influence on EmH  of the 1-pentanol mixture. 
 4.3 Excess molar volumes 
 In spite of the few EmV data available,
14,25,71,89-91 some general trends can be outlined. (i) 
E
mV values are rather low and even negative, while the corresponding 
E
mH  results are usually 
large and positive. Thus, EmV (2-butanone)/cm
3
mol-1 = −0.0298 (1-propanol);89 0.1611 (1-
octanol)71 and EmH /Jmol
-1 = 1237 (1-propanol);4 1711 (1-octanol)71 Similarly, EmV  of the  
ethanol + cyclohexanone mixture is90 −0.226 cm3mol-1 (T = 293.15 K) while EmH  is
92 1199 
Jmol-1.  This reveals the existence of large structural effects. Methanol solutions are 
characterized by lower negative EmV values (−0.2675 cm
3
mol-1 for the 2-butanone mixture),89 
which can also be ascribed in part to stronger solvation effects in this type of systems. (ii) Both 
magnitudes EmV  and 
E
mH (Table 2) increase with the 1-alcohol size in solutions with a given 2-
alkanone.  For example, EmV (2-pentanone)/cm
3
mol-1  =−0.2183 (methanol)89 < −0.0475 
(ethanol)89 < −0.0183 (1-propanol)89 < 0.004 (1-pentanol)14 < 0.0295 (1-hexanol)14 < 0.0823 (1-
octanol).14 Therefore, the EmV  variation can be attributed to  increased values of the interactional 
contribution to this excess function. (iii) For fixed 1-alkanol (from 1-hexanol) + 2-alkanone 
mixtures, EmV  and 
E
mH  (Table 2) decrease with the increasing of the ketone size (
E
mV  (1-
hexanol)/cm3mol-1 = 0.0762 (2-butanone)71 > 0.0295 (2-pentanone)14 > 0.0153 (2-
heptanone)25). This reveals a lowering of the interactional contribution to EmV . 
 4.4 Results from the Flory model 
 Let’s define, the mean standard relative deviation of EmH  as: 
 E Er m r m
S
1
( ) ( )H H
N
σ σ= ∑       (11) 
where SN  stands for the number of systems considered. Now, we can compare mean results for 
mixtures containing a given 1-alkanol. In this case, Er m( )Hσ = 0.245 (methanol); 0.088 
(ethanol); 0.098 (1-propanol), 0.044 (1-butanol); 0.073 (1-pentanol); 0.069 (1-hexanol); 0.056 
(1-heptanol); 0.057 (1-octanol); 0.042 (1-nonanol), 0.070 (1-decanol). This indicates that strong 
orientational effects exist in mixtures with methanol, and that the random mixing hypothesis is 
attained in large extent for the remainder systems. However, from a more detailed inspection of 
the results listed in Table 2 some conclusions can be remarked. (i) Mixtures with methanol or 1-
propanol are characterized by orientational effects which increase with the size of the 2-
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alkanone. For the remainder mixtures such effects are more or less independent of the system 
components. (ii) Mixtures with 2-pentanone or 2-heptanone usually show weaker orientational 
effects than those with 3-pentanone or 4-heptanone. (iii) The increasing of temperature weakens 
orientational effects.         
It is interesting compare results obtained from the Flory model for 1-alkanol + 
alkanone, or + linear monoether, or + linear polyether mixtures. In the case of alkanone 
solutions, Er m( )Hσ = 0.245 (methanol, SN = 13), 0.074 (1-alkanols ≠  methanol; SN = 66). 
Orientational effects are stronger in the systems methanol or ethanol + linear monoethers19 
( Er m( )Hσ = 0.456; SN = 8) or + linear polyethers
20 ( Er m( )Hσ = 0.438; SN  = 7). For mixtures 
containing longer 1-alkanols, Er m( )Hσ = 0.281 ( SN = 18, linear monoethers
19) and Er m( )Hσ = 
0.059 ( SN = 25, linear polyethers
20), and the random mixing hypothesis is also valid for the 
latter solutions. 
Model calculations lead to very large EmV  values (1.237 cm
3
mol-1 for the 1-propanol + 
2-butanone system), which means that structural effects are not properly represented by the 
theory. The interaction parameter 12X decreases with the increasing of the size of the 2-alkanone 
in mixtures with a given 1-alkanol, and shows a maximum at ethanol or 1-propanol in solutions 
with a given 2-alkanone (Table 2). As previously described, the corresponding EmH  variations 
are somewhat different. However, 12X and 
E * *
m 1 1 2 2/( )H xV x V+ of mixtures with 2-alkanones 
change in line. It is worthwhile that this behavior is not observed for cyclohexanone systems as 
12X decreases with the increasing of the chain length of the alcohol and 
E * *
m 1 1 2 2/( )H xV x V+ presents a maximum for the ethanol solution. This might be due to structural 
effects are even stronger in such mixtures, while the model largely overestimates the 
interactional contribution to EmV  (yields 0.642 cm
3
mol-1 for ethanol + cyclohexanone) and, 
consequently, also overestimates the equation of state contribution term to EmH . 
4.5 CC (0)S results 
CC (0)S values are higher than 0.25 (Table 3) and, therefore, homocoordination is the 
dominant trend in the investigated systems. Nevertheless, CC (0)S results are rather low, which 
suggests that effects related to non-randomness are weak. Interestingly, the CC (0)S  values of 2-
propanone + alkane mixtures are higher (0.984 (pentane93); 0.960 (heptane93 at T = 323.15 K)) 
due to these systems show miscibility gaps at relatively high temperatures (the critical 
temperature of the heptane solution is 245.22 K94). As it is expected, the increasing of the 
alkanone size in mixtures with, say heptane, weakens homocoordination (0.553 for the 2-
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butanone system95 at 323.15 K). Inspection of Table 3 allows state the following features: (i) 
CC (0)S  increases with the ketone size in methanol solutions. i.e., homocoordination is 
strengthened when the aliphatic surface of the ketone increases. In terms of the Flory model, 
E
m( )r Hσ = 0.178 (2-propanone), 0.347 (2-heptanone) (Table 2). (ii) Non-randomness effects are 
rather similar along the series 1-alkanol + 2-butanone, as CC (0)S is practically independent of 
the alcohol (Table 3). (iii) CC (0)S decreases with increased T values. That is, orientational 
effects become weaker at higher temperatures, in agreement with results from the Flory model. 
  
 5. Conclusions 
 1-Alkanol + alkanone mixtures have been investigated through the analysis of EmH , 
E
pmC , 
E
mV  and 
E
mTS  data and using the Flory model and the CC (0)S formalism. The enthalpy of 
the hydroxyl-carbonyl interactions has been evaluated.  Effects related to the self-association of 
alcohols and to solvation between unlike molecules are of minor importance. It is shown that 
interactions are mainly of dipolar type, and that physical interactions are more relevant in 
mixtures with longer 1-alkanols.  The investigated systems are characterized by large structural 
effects. Methanol solutions show rather large orientational effects. The random mixing 
hypothesis is attained for mixtures with 1-alkanols≠ methanol and 2-alkanones. Steric effects 
and cyclization lead to stronger orientational effects in mixtures with 3-pentanone, 4-heptanone 
or cyclohexanone. These effects decrease when temperature is increased. CC (0)S  calculations 
show that homocoordination is predominant in the studied mixtures and support conclusions 
obtained from the Flory model, 
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Physical Constants
a
 and Reduction Parameters for Volume,
*
iV  , and Pressure, 
*
iP ,  
Calculated According to the Flory Theory, for Ketones Used in this Work 
Alkanone 
iV / 
cm3mol-1 
Pα /10
-3
K-1 Tκ /TPa
-1 *
iV / 
cm3mol-1 
*
iP /Jcm
-3 
2-propanone 74.04b 1.56c 1374c 54.75 619 
2-butanone 90.17b 1.31d 1170d 68.94 571 
2-pentanone 107.46b 1.198e 1099e 83.50 538 
3-pentanone 106.41b 1.2f 1073f 82.66 553 
2-hexanone 124.16b 1.04g 1012b 98.86 483 
2-heptanone 140.76b 1.06h 969h 111.73 518 
4-heptanone 140.79b 1.05i 932i 111.93 532 
2-octanone 157.45b 1.03b 899b 125.57 537 
Cyclohexanone 104.21b 0.955j 695j 84.15 628 
amolar volume, iV ; isobaric thermal expansion coefficient, Pα ; isothermal compressibility, 
Tκ ; 
bRef 96; cRef 97; dRef. 98; eRef. 99; fRef. 100; gRef. 101; hRef. 102; iRef. 103; jRef. 104  
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Molar Excess Enthalpies,
E
mH , Interactional Contribution According to the Flory’s Model,  
E
,intmH  and Flory´s Energetic Parameter for 1-Alkanol(1) + Alkanone (2) Systems at 
Equimolar Composition and Temperature T.  ( )Er mHσ  Denotes the Relative Standard 
Deviations for
E
mH  
Alkanone T/K E
mH / 
J·mol-1 
E
,intmH / 
J·mol-1 
12X  / 
J·cm-3 
( )Er mHσ a Ref. 
methanol(1) + alkanone(2) 
2-propanone  298.15 686 479 69.09 0.190 105 
 298.15 699 488 70.37 0.178 106 
 298.15 693 485 69.88 0.191 2 
2-butanone 298.15 708 507 67.18 0.270 72 
 298.15 679 487 64.44 0.266 107 
 308.15 744 522 69.76 0.262 72 
2-pentanone 298.15 686 501 62.49 0.260 83 
3-pentanone 298.15 725 529 66.18 0.300 83 
2-heptanone 298.15 745 560 64.43 0.347 108 
 323.15 923 664 78.72 0.240 108 
4-heptanone 298.15 721 543 62.40 0.269 108 
 323.15 905 657 77.44 0.146 108 
Cyclohexanone 298.15 952 730 88.27 0.260 92 
ethanol(1) + alkanone(2) 
2-propanone 283.15 1046 765 81.92 0.066 70 
 298.15 1150 814 89.26 0.083 106 
 298.15 1105 784 85.84 0.034 70 
 298.15 1124 797 87.29 0.080 1 
 298.15 1113 789 86.45 0.058 109 
 323.15 1271 850 96.84 0.021 70 
  1236 828 94.25 0.038 109 
 343.15 1307 834 97.89 0.022 70 
 363.15 1222 747 90.04 0.069 70 
2-butanone 298.15 1193 861 86.16 0.147 110 
 298.15 1071 771 77.42 0.141 72 
 298.15 1028 744 74.33 0.105 71 
 308.15 1121 794 80.51 0.116 72 
TABLE 2 (continued) 
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  1077 764 77.38 0.110 71 
2-pentanone 298.15 886 651 60.86 0.064 83 
3-pentanone 298.15 987 987 67.96 0.183 83 
cyclohexanone  298.15 1199 916 83.24 0.166 92 
1-propanol(2) + alkanone(2) 
2-propanone 298.15 1365 991 90.12 0.038 106 
  1395 1012 92.05 0.062 3 
2-butanone 298.15 1251 921 76.06 0.068 4 
  1237 911 75.21 0.034 111 
 308.15 1317 951 79.63 0.045 72 
2-pentanone 298.15 1286 954 73.60 0.113 14 
  1209 899 69.22 0.085 83 
3-pentanone 298.15 1160 862 66.64 0.130 83 
  1232 915 70.74 0.101 112 
2-heptanone 298.15 1259 951 66.54 0.162 25 
4-heptanone 298.15  1121 849 59.25 0.230 56 
Cyclohexanone 298.15 1321 1013 75.95 0.109 92 
1-butanol(1) + alkanone(2) 
2-propanone 298.15 1537 1139 89.49 0.015 106 
  1770 1302 102.59 0.043 10 
  1405 1046 82.06 0.047 113,114 
  1372 1023 80.21 0.059 115 
2-butanone 298.15 1324 990 70.47 0.039 71 
  1421 1061 75.55 0.033 116 
 308.15 1473 1081 77.97 0.019 72 
  1383 1017 73.29 0.048 71 
Cyclohexanone 298.15 1351 1042 67.24 0.096 92 
1-pentanol(1) + alkanone(2) 
2-propanone  298.15 1603 1212 84.64 0.119 117,114 
  1685 1271 88.80 0.034 106 
2-pentanone 298.15 1451 1103 64.65 0.051 14 
2-heptanone 298.15 1339 1027 54.15 0.080 25 
Cyclohexanone 298.15 1378 1065 60.96 0.083 92 
1-hexanol(1) + 2-alkanone(2) 
2-propanone  298.15 1672 1281 81.32 0.116 117 
  1781 1359 86.39 0.072 106 
2-butanone 298.15 1512 1158 66.34 0.078 71 
TABLE 2 (continued) 
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 308.15 1542 1167 67.53 0.066 71 
2-pentanone 298.15 1523 1166 61.93 0.048 14 
3-pentanone 298.15 1435 1101 58.62 0.075 118 
2-hexanone 298.15 1430 1105 54.63 0.053 76 
2-heptanone 298.15 1389 1071 50.96 0.055 25 
2-octanone 298.15 1223 946 43.24 0.060 119 
1-heptanol(1) + 2-alkanone(2) 
2-pentanone 298.15 1603 1240 60.32 0.031 14 
3-pentanone 298.15 1510 1170 57.11 0.082 118 
2-hexanone 298.15 1479 1151 52.05 0.049 76 
2-heptanone 298.15 1427 1109 48.20 0.060 25 
1-octanol(1) + 2-alkanone(2) 
2-butanone 298.15 1711 1335 65.32 0.079 71 
 308.15 1709 1318 65.18 0.075 71 
2-pentanone 298.15 1676 1306 58.95 0.040 14 
2-hexanone 298.15 1545 1208 50.66 0.055 76 
2-heptanone 298.15 1494 1167 46.96 0.045 25 
2-octanone 298.15 1346 1053 40.63 0.047 119 
1-nonanol(1) + 2-alkanone(2) 
2-hexanone 298.15 1611 1263 49.65 0.042 76 
1-decanol(1) + 2-alkanone(2) 
2-butanone 298.15 1844 1455 63.15 0.094 71 
 308.15 1829 1441 62.64 0.086 71 
2-hexanone 298.15 1688 1329 49.20 0.029 76 
aeq. 8 
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TABLE 3 
Molar Excess Gibbs Energies, 
E
mG , 
E
mTS (=
E E
m mH G− ), and Concentration-Concentration 
Structure Factor, CC (0)S , for 1-Alkanol(1) + Alkanone(2) Mixtures at Equimolar 
Composition  and Temperature T. 
System T /K E
mG / J·mol
-1 EmTS / J·mol
-1 CC (0)S  Ref. 
methanol + 2-propanone 298.15 448 251 0.391 120 
 323.15 431  0.368 121 
 372.8 382  0.332 122 
 422.6 308  0.303 122 
methanol + 2-butanone 298.15 547 161 0.425 107 
methanol + 2-heptanone 298.15 748 −3 0.591 123 
ethanol + 2-propanone 298.15 510 595 0.425 124,125 
 323.15 525 746 0.379 121 
 372.7 346  0.322 126 
 426.6 257  0.293 126 
ethanol + 2-butanone 298.15 566 205 0.460 107 
1-propanol + 2-butanone 298.15 512 725 0.403 111 
1-butanol + 2-butanone 298.15 512 812 0.410 127 
1-hexanol + 2-butanone 298.15 525 987 0.420 128 
1-hexanol + 2-octanone 323.15 471  0.386 129 
 363.15 320  0.317 129 
1-octanol + 2-butanone 298.15 539 1172 0.443 128 
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TABLE 4 
Partial Molar Excess Enthalpies,
a
 E,1H
∞ , at T = 298.15 K at Atmospheric Pressure for 
Solute(1) + Organic Solvent(2) Mixtures, and Hydrogen Bond  Enthalpies, OH-COH∆ ,  
for 1-Alkanol(1) + Alkanone(2) Systems. 
System E,
1H
∞ /kJmol-1 OH-COH∆ /kJmol
-1 
2-propanone(1) + heptane(2) 9.09 [74]  
2-butanone(1) + heptane(2) 7.47 [75]  
2-pentanone(1) + heptane(2) 6.35 [75]  
2-hexanone(1) + heptane(2) 6.56 [76]  
2-heptanone(1) + heptane(2) 5.58 [77]  
2-octanone(1) + heptane(2) 5.4b  
3-pentanone(1) + heptane(2) 5.91 [75]  
4-heptanone(1) + heptane(2) 4.76 [77]  
cyclohexanone(1) + methylcyclohexane(2) 6.22 [130]  
methanol(1) + 2-propanone(2) 3.69 [2] −28.6 
methanol(1) + 2-butanone(2) 3.39 [107] −27.3 
methanol(1) + 2-pentanone(2) 3.12 [83]  −26.4 
methanol(1) + 2-heptanone(2) 3.18 [108] −25.6 
methanol(1) + 3-pentanone(2) 4.29 [83] −24.8 
methanol(1) + 4-heptanone(2) 3.17 [108] −24.8 
methanol(1) + cyclohexanone(2) 5.14 [92] −24.4 
ethanol(1) + 2-propanone(2) 5.54 [1] −26.7 
ethanol(1) + 2-butanone(2) 5.51 [72] −25.2 
ethanol(1) + 2-pentanone(2) 3.11 [83] −26.5 
ethanol(1) + 3-pentanone(2) 5.59 [83] −23.5 
ethanol(1) + cyclohexanone(2) 6.76 [92] −22.7 
1-propanol(1) + 2-propanone(2) 6.28 [3] −26.0 
1-propanol(1) + 2-butanone(2) 5.26 [111] −25.4 
1-propanol(1) + 2-pentanone(2) 6.61 [14] −22.9 
1-propanol(1) + 3-pentanone(2) 6.97 [83] −22.1 
1-propanol(1) + 2-heptanone(2) 6.72 [25] −22.1 
1-propanol(1) + 4-heptanone(2) 6.56 [56] −21.4 
1-propanol(1) + cyclohexanone(2) 6.85 [92] −22.6 
1-butanol (1) + 2-propanone(2) 6.75 [106] −25.5 
1-butanol(1) + 2-butanone(2) 5.29 [116] −25.4 
TABLE 4 (continued)   
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1-butanol(1)  + cyclohexanone(2) 7.16 [92] −22.3 
1-pentanol(1) + 2-propanone(2) 7.57 [106] − 24.7 
1-pentanol(1) + 2-pentanone(2) 6.87 [14] −22.7 
1-pentanol(1) + 2-heptanone(2) 6.32 [25] −22.5 
1-pentanol(1) + cyclohexanone(2) 7.10 [92] −22.3 
1-hexanol(1) + 2-propanone(2) 8.99 [106] −23.3 
1-hexanol(1) + 2-butanone(2) 7.06 [71] −23.6 
1-hexanol(1) + 2-pentanone(2) 7.15 [14] −22.4 
1-hexanol(1) + 3-pentanone(2) 7.86 [118] −21.3 
1-hexanol(1) + 2-hexanone(2) 6.76 [76] −23.0 
1-hexanol(1) + 2-heptanone(2) 6.46 [25] −22.3 
1-hexanol(1) + 2-octanone(2) 6.28 [119] −22.3 
1-heptanol(1) + 2-pentanone(2) 7.51 [14] −22.0 
1-heptanol(1) + 3-pentanone(2) 8.97 [118] −20.1 
1-heptanol(1) + 2-hexanone(2) 7.18 [76] −22.6 
1-heptanol(1) + 2-heptanone(2) 7.00 [25] −21.8 
1-octanol(1) + 2-butanone(2) 7.77 [71] −22.9 
1-octanol(1) + 2-pentanone(2) 7.88 [14] −21.7 
1-octanol(1) + 2-hexanone(2) 7.32 [76] −22.4 
1-octanol(1) + 2-heptanone(2) 7.11 [25] −21.7 
1-octanol(1) + 2-octanone(2) 6.06 [119] −22.5 
1-nonanol(1) + 2-hexanone(2) 7.66 [76] −22.1 
1-decanol(1)+ 2-butanone(2) 9.37 [71] −21.3 
 1-decanol(1) + 2-hexanone(2) 8.14 [76] −21.6 
 avalues obtained from EmH  data over the whole concentration range; 
cvalue obtained from 
the application of the DISQUAC model with interaction parameters available in the 
literature16 
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Figure 1 EmH  of 1-alkanol(1) + 2-propanone(2) systems at 298.15 K. Symbols, 
experimental results: (), methanol;2 (), ethanol;70 (), 1-propanol;3 (), 1-butanol;106 
(), 1-hexanol.106 Solid lines, results from the Flory  model with interaction parameters 
listed in Table 2. 
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 Figure 2 EmH  of 1-alkanol(1) + 2-butanone(2) systems at 298.15 K. Symbols, experimental 
results: (), methanol;72 (), ethanol;72 (), 1-hexanol;71 (), 1-octanol;71 (), 1-
decanol.71 Solid lines, results from the Flory  model with interaction parameters listed in 
Table 2. 
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Figure 3 EmH  of 1-alkanol(1) + 2-hexanone(2) systems at 298.15 K. Symbols, 
experimental results:76 (), 1-hexanol; (), 1-octanol;  (), 1-decanol. Solid lines, results 
from the Flory  model with interaction parameters listed in Table 2. 
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Figure 4 EmH  of 1-alkanol(1) + cyclohexanone(2) systems at 298.15 K. Symbols, 
experimental results:92 (), methanol; (), ethanol;  (), 1-propanol. Solid lines, results 
from the Flory model with interaction parameters listed in Table 2. 
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Figure 5 EmH  of 1-heptanol(1) + 2-alkanone(2) systems at 298.15 K. Symbols, 
experimental results:92 (), 2-pentanone;14 (), 2-hexanone;76  (), 2-heptanone.25 Solid 
lines, results from the Flory  model with interaction parameters listed in Table 2. 
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Figure 6  Flory interaction parameters, 12X , for 1-alkanol(1) + 2-alkanone(2) mixtures at 
298.15 K. Full, symbols: (), methanol(1) + 2-propanone(2);2 (), methanol(1) + 2-
butanone(2);72 (), ethanol(1) + 2-propanone(2).70  Open symbols, systems with 
2-hexanone:76 (O), 1-hexanol; (), 1-octanol; (∆), 1-decanol. 
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Figure 7 CC (0)S results for methanol(1) + 2-alkanone(2) mixtures at temperature T: (1), 2-
propanone120 (T  = 298.15 K); (2), 2-propanone122 (T  = 422.6 K); (3) 2-heptanone123 (T  = 
298.15 K). Dashed line, ideal mixture 
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